[1] Intense interest in the characteristics of a methane source on Mars has been spurred by recent observations of a plume structure. The current NASA Mars Science Laboratory and future landers and orbiters will be tasked with understanding the sources of methane. The Canadian Space Agency's Mars Methane Analogue Mission, involving a simulated Mars micro-rover field campaign, was recently able to detect and measure the isotopic composition of methane seeping from boreholes in a serpentine mine in Québec. We aim to determine spatial limits for detecting such a point source above the terrestrial background concentration of methane using gradient transport models. We estimate the source strength to be on the order of 5.3 Â À10 kg s À1 and find that this produces detectable enhancements at distances less than 11.6 m from the source if there is no wind. These same models are applied to the Mars surface environment to determine whether an instrument on a rover would be capable of detecting a methane point source when not directly downwind of it. The estimated source strengths on Mars are much greater than at Jeffrey Mine and we find that these would be detectable at distances less than 30 m from the plume axis, which lies along the direction of advective transport. Much of the work done on modelling the Martian atmosphere uses large-scale general circulation models and this work examines the behaviour of methane plumes at very local scales.
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Introduction
[2] The Mars Methane Analogue Mission (M3) deployed a micro-rover at the Jeffrey Mine, Québec, in June 2011 [Cloutis et al., 2012] , and deployed Carleton University's Kapvik rover at the Norbestos Mine, Québec, in June 2012. Both mines are located in the Ordovician Asbestos ophiolite [Laurent and Hébert, 1979; Pinet and Tremblay, 1995] . The background methane volume mixing ratio (VMR CH 4 ) at Jeffrey Mine was measured to be 1.6 ppmv, with a standard deviation (s SD ) of 0.5 ppmv, using a Picarro G1112-i cavity ring-down spectrometer. Separate measurements of methane emanating from a borehole in the mine wall found methane levels of 137.5 AE 0.3 ppmv and 200 AE 2 ppmv, while a measurement from a second borehole found 13.2 AE 0.2 ppmv. Measurements from near (<1 m) the boreholes showed a very rapid return to background methane mixing ratios. In situ measurements made by instruments on a rover, which may be unable to get sufficiently close to the methane source, would not be able to detect these enhancements, so the spatial range of detectable enhancement due to a source is of interest.
[3] The detection of methane on Mars [Formisano et al., 2004; Krasnopolsky et al., 2004; Mumma et al., 2004] has been the subject of several recent atmospheric modelling studies. Observations from Earth by Mumma et al. [2009] showed a localized methane plume released over a short duration. While the results of this study have been questioned [Zahnle et al., 2011; Lefèvre and Forget, 2009; Mischna et al., 2011] , subsequent studies of Mars from Earth and satellites also observed spatial and temporal variability in methane concentrations [Fonti and Marzo, 2010; Geminale et al., 2011; Krasnopolsky, 2012] .
[4] We use the observations presented by Mumma et al. [2009] and their subsequent examination by atmospheric models [Mumma et al., 2009; Lefèvre and Forget, 2009; Mischna et al., 2011] to estimate the strength of a local methane source. We locate it on the Martian surface at the landing site of NASA's Mars Science Laboratory (MSL), Gale Crater, and derive atmospheric parameters (temperature, pressure, mean wind velocity) from the Oxford-Laboratoire de Météorologie Dynamique-General Circulation Model (LMD-GCM) [Forget et al., 1999] , available at the website http://www-mars.lmd.jussieu.fr. We calculate a dispersion coefficient for methane in the Martian atmosphere at the surface and compute the VMR CH 4 distribution 1 m above the surface around the source using a gradient transport model [Hanna et al., 1982] . We consider a variety of situations and examine the methane source observed at Jeffrey Mine for comparison.
Mars Surface Conditions
[5] The northwest corner of Gale Crater, 5.4 S and 137.8 E, is the chosen landing site of MSL. Its floor lies at an elevation of À4.4 km and can be considered smooth for convection purposes, allowing us to disregard effects from surface roughness. The LMD-GCM model resolution is too coarse (5 Â 5 ) to provide accurate simulations within the crater, but there are four grid points surrounding the crater rim that we can use to infer surface conditions inside the crater. We use climatological averages of pressure and temperature, with standard deviations, from midday (12:00) near the autumn equinox to avoid temperature highs and lows (solar longitude 180 -210 ). Each of the four grid points are at different altitudes, determined from Smith et al. [1999] , above and below a reference altitude, z ○ . The model's climatological average surface pressures are used to determine P ○ at z ○ for each point, using the barometric law,
, and a scale height of 11.1 km. The average from the four points was P ○ = 533 Pa, and the average of the model's climatological standard deviations was 17 Pa. Similarly, the temperature at z ○ was found to be 208 K, using an adiabatic lapse rate of À4.9 K/km [Lindal et al., 1979] . Pressure at the crater floor is 792 AE 27 Pa, and the temperature at the crater floor is 229 K. The model's climatological standard deviations for temperature are small, $1 K, while the diurnal temperature variation on Mars can be around 60 K. The diffusion coefficient depends on temperature as T 3/2 and its accuracy is dominated by the temperature variation (equation (1) below). Temperature and pressure are used to determine the atmospheric number density: n ○ = A n P/RT, with Avogadro's number A n and the gas constant R. We estimate that in Gale Crater we have n ○ = 2.51 Â 10 23 molecules m À3 , with a lower limit of 2.14 Â 10 23 molecules m À3 and an upper limit of 3.31 Â 10 23 molecules m À3 (for a temperature range of 259 to 179 K).
Gradient Transport Modelling
[6] The time evolution of the distribution of methane that has been injected into the atmosphere is governed by several factors: chemical interactions, diffusion, buoyancy, eddy motion and advection. We consider time scales significantly shorter than the lifetime of methane on Mars, estimated to be as much as several hundred years from photochemical analysis [Wong et al., 2003] or on the order of hundreds of days to account for observations [Lefèvre and Forget, 2009; Geminale et al., 2011] , and assume that the contribution from chemical interactions is negligible. We also assume that the methane plume is at the same temperature as the ambient air and mixes sufficiently rapidly with CO 2 to result in no net buoyancy. In a situation with no wind, thermal motion will move methane molecules away from the source symmetrically. Winds will carry methane downwind from the source, where it will spread outward from its trajectory. Simple first-order methods are used for the model and to calculate the diffusion coefficient since there is large variability and uncertainty in several contributing factors, such as wind speed, pressure, temperature, and source strength.
[7] Interest in chemical diffusion on Mars has been largely devoted to high altitudes and high temperatures [Catalfamo et al., 2009; Rodrigo et al., 1990; Izakov, 1978] . Interest at the surface has been motivated by diffusion in soils and ice, and subsurface transport [Hudson et al., 2007; Hudson and Aharonson, 2008; Gough et al., 2010] . Diffusion is a thermal process governed by intermolecular collisions, and depends on pressure, temperature, particle size, and proximity. Chapman-Enskog theory [Chapman and Cowling, 1970] gives the coefficient of diffusion, D, for gas B in gas A as:
where m A and m B are the molecular masses of the two gases in the mixture and k B is Boltzmann's constant. Hanna et al., 1982] :
where C is concentration; K x , K y , and K z are radial diffusion coefficients; u, v, and w are wind speed in the x, y, and z directions; and S represents internal processes such as chemical reactions. In our models, we assume that S ≈ 0 and diffusivity is constant in time and not dependent on direction, with
The simplest case is for no wind, u = v = w = 0, which simplifies the equation to:
Solutions are given in Hanna et al. [1982] for a variety of initial conditions.
Estimation of Source Terms
[9] From Mumma et al. [2009] , the total mass of methane released during a Mars plume event is 1.86 Â 10 7 kg. Mumma et al. [2009] assumed that the emission is from a single source region and that the source strength must be 3.66 kg s À1 if active for 60 days (Q 60 ), 1.8 kg s À1 if active for 120 days (Q 120 ), or 0.63 kg s À1 if active for half a Mars year (Q 344 ). Lefèvre and Forget [2009] used the same release scenario, but with a much smaller mass, and performed their analysis with the LMD-GCM. They estimated the total mass of methane lost annually via photochemical processes, 2.6 Â 10 5 kg, and released it from a single point over 60 days, resulting in a source strength of Q LF = 0.050 kg s À1 . Mischna et al. [2011] used the Mars Weather Research and Forecasting (MarsWRF) GCM [Richardson et al., 2007] to try to constrain the source of the observed plume. Their best fit scenario has the entire plume mass released over only a few days, from an area roughly 4.2 Â 10 6 km 2 (80 Â 15 ). We assume that the release is from discrete points with an average spacing of 1, 10, or 100 km, resulting in source strengths of Q 1k = 1.7 Â 10 À5 kg s À1 , Q 10k = 1.7 Â 10 À3 kg s À1 , and Q 100k = 0.17 kg s
À1
, respectively. From these modelling studies, we thus have a variety of source strengths to examine, extending over several orders of magnitude, summarized in Table 1 .
[10] In the Jeffrey Mine, we found a source significantly weaker than those considered for Mars. To estimate its strength, we consider the diffusive mass concentration flux through the borehole, D(∂C/∂z), and multiply it by the area through which it passes. Using a borehole diameter of 16 cm, DC of 200 ppmv, and Dz of 10 cm, we estimate that it is 5.3 Â 10 À10 kg s À1 . Mumma et al.
[2009] compared their Mars observations to Coal Oil Point in Santa Barbara, which releases methane at a rate of 1.0 kg s À1 [Mau et al., 2007] , comparable to those for Mars. We evaluate our models using this strength, as well.
[11] For these source terms, the observed abundance must exceed the natural variability. At Jeffrey Mine the standard deviation of VMR CH 4 was 0.5 ppmv, or 32% of the background. For Mars we examine background levels of 0, 3, 6 and 10 ppbv, and examine the spatial extent of enhancements of 1, 3 and 6s SD . When the background is 0 ppbv, the detection sensitivity of the MSL's Tunable Laser Spectrometer, 0.1 ppbv [Webster and Mahaffy, 2011] , becomes the minimum VMR CH 4 that we are seeking. The maximum target is 28 ppbv, or six standard deviations above a background of 10 ppbv with a s SD of 3 ppb (subsequently referred to as an 18 ppbv enhancement). In general, we restrict our discussion to upper and lower limits for clarity.
Diffusion-Only Model With Instantaneous Release
[12] With u = v = w = 0 and an instantaneous source function, we consider a mass, M, of methane diffusing over time, t. The solution of the continuity equation is [Hanna et al., 1982] 
[13] We set z = 1, y = 0 and determine x for each concentration. Results are summarized in Table 1 for Earth and Mars.
[14] For the area source considered in Mischna et al. [2011] , so the total mass is divided by the number of sites considered. For all three release scenarios, we found that the minimum enhancements and above were found within a distance close to 300 m from the source. For the weakest scenario, where methane sources are separated by $1 km (total mass is 1.86 Â 10 7 kg from 4.2 Â 10 6 sites), we find [15] Modelling the Earth scenarios this way is less informative since we are representing a continuous source with an instantaneous plume. If we consider the same short-term scenario as Mischna et al. [2011] , 3 days, we overestimate the concentration near the source. A 6s SD VMR CH 4 enhancement (3.1 ppmv above background) will be seen within 34 m from the Jeffrey Mine source and 41 m from the stronger Coal Oil Point source. At Jeffrey Mine, we did not see any enhancement beyond 10 cm from the borehole, due to strong advection, and smaller released mass. We can approximate the continuous source by considering the mass released in a very small time interval, such as 1 minute, in which case the range of 6s SD VMR CH 4 enhancement falls to the order of 4 m.
Model With Mean Wind
[16] We now consider a more realistic model with wind and a continuous plume source. The average surface wind speed from the LMD-GCM is 14 AE 5 m s À1 at the data points around Gale Crater. We consider three wind cases, this average surface wind, light wind (5 m s À1 ) and calm wind (0.5 m s À1 ). The solution to the continuity equation [Hanna et al., 1982] is now:
where x is the direction of wind with speed u, y is the distance perpendicular to the plume, z is altitude, and Q is the source strength. There are several limitations associated with this first-order model. It assumes no change in wind direction and can give the spread, in z and y, of the plume for any length x, which ignores large-scale advection and turbulence, therefore, it is only valid on short length scales. The assumption of constant source strength Q does not account for rapid diffusion over small time intervals, resulting in a slower decrease in concentration with y than observed on Earth. The initial conditions also assume that C → ∞ as x, y, z → 0 [Hanna et al., 1982] .
[17] This model provides a limit on the radial distance, y, along the x axis within which a methane source is larger than our imposed limit. We run the model over a 30-km downwind range to give an upper limit to diffusion-only spread and present results for the plume shape over the first 1500 m. The largest factor affecting the width of the methane plume over distance is the wind speed. Figure 1a shows the model results using the average wind speed near Gale Crater of 14 m s À1 . For clarity, we show only the maximum and minimum enhancement limits for the strongest source, Q 60 = 3.66 kg s À1 , in blue, and the weakest source, Q 1k = 1.7 Â 10 À5 kg s À1 , in red. All cases show a maximum radial spread on the order of only AE6 m after 1.5 km, which grows to AE30 m after 30 km. The effects of reducing the wind speed to 5 m s À1 are shown in Figure 1b , where the width of the plume grows to AE10 m after 1.5 km, and up to AE50 m after 30 km. Calm wind conditions provide the most likely scenario for in situ plume detection. These are shown in Figure 1c and can have plume widths greater than AE30 m after 1.5 km. We are primarily interested in the behaviour at <100 m, since it is unlikely that the trajectory would remain stable this long.
[18] Applying the model to our two scenarios on Earth, we find that the rate of advection downwind is faster than the rate of diffusion from the plume axis. The estimated source strength in Jeffrey Mine is Q Jef = 5.3 Â 10 À10 kg s
À1
. In light wind conditions, 5 m s À1 the 6s SD = 3.1 ppmv limit we consider is not reached until 1.2 km downwind of the source. Calm wind conditions, 0.5 m s À1 , decrease the distance at which this enhancement is observed, to around 90 m. The radial range, however, is on the order of only 1-3 m. Figure 2 shows the model results for both wind conditions (in red). The stronger Coal Oil Point source (shown in blue),
, produces similar results, but at shorter ranges: at 60 m for calm conditions and at 800 m for light wind conditions. This source produces similar results to those found for Mars, with enhancements greater than 1s SD VMR CH 4 found beyond 2 m over much of the 1.5 km range shown.
Conclusion
[19] A simple dispersion model was applied to examine small-scale methane distributions originating from a point source on Mars and Earth. Using current estimates for Martian source strengths, we show that an in situ measurement that is not directly in the plume path would need to be made within 100 m of the plume axis to see appreciable enhancement above background levels. Our results are most strongly affected by the strength of surface winds and in light wind conditions the possibility of in situ measurements detecting a methane enhancement due to a local source is greatly increased. We estimated the strength of these plumes from three current modelling studies aimed at understanding recent observations [Mumma et al., 2009; Lefèvre and Forget, 2009; Mischna et al., 2011] . More recent observations have been published [Fonti and Marzo, 2010; Geminale et al., 2011; Krasnopolsky, 2012] and current modelling work will continue to focus on determining the optimal methane source conditions. A new set of highly sensitive in situ measurements will also be made within the year by the Mars Science Laboratory, which will provide the best constraints on the background methane concentration to date.
[20] This work was motivated by finding weak methane sources at Jeffrey Mine and determining that it is unlikely that a deployed micro-rover could detect an enhancement autonomously. Since these measurements were made as part of a Mars analogue mission, we wanted to place these findings in the context of the Mars surface environment. We estimated a source strength of 5.3 Â 10 À10 kg s À1 at Jeffrey Mine and found that this weak a source cannot produce measurable enhancements of 0.5 to 3.1 ppmv above background levels (1.6 ppmv) within reasonable length scales when wind is present. Under calm wind conditions (0.5 m s À1 ), the plume would have to travel over 90 m before the plume broadens from its axis enough to produce a 6s SD = 3.1 ppmv enhancement, and then a measurement would need to be made within meters of the plume axis, so the chance of identifying it remains dubious.
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